Chemical and psychological stressors can exert long lasting changes in brain function and behaviour. Changes in DNA methylation have been shown to be an important mechanism mediating long lasting changes in neural function and behaviour, especially for anxiety-like or stress responses. In the present study, we examined the effects of either a social or chemical stressor on DNA methyltransferase (DNMT) gene expression in the amygdala, an important brain region modulating stress responses and anxiety. In adult California mice (Peromyscus californicus) that were naïve to social defeat, females had higher levels of Dnmt1 expression in punch samples of the central amygdala (CeA) than males. In addition, mice that underwent social defeat stress showed reduced Dnmt1 and Dnmt3a expression in the CeA of females but not males. A second study using more anatomically specific punch samples replicated these effects for 
the brain is through exposure to endocrine disrupting chemicals (EDC) in the environment. Bisphenol A (BPA) is an EDC that binds weakly to oestrogen receptors (ESR1 and ESR2, also referred to as ERα and ERβ respectively). 11 In utero exposure to BPA was shown to increase the expression of Dnmt3a, as well as hypermethylation of Esr1, in the male mouse prefrontal cortex, whereas the same dose induced down-regulation of Dnmt3a and hypomethylation of Esr1 in the female mouse prefrontal cortex. In the same study, Dnmt1 expression was decreased by BPA exposure in the female mouse hypothalamus. This suggests that BPA exposure may disrupt sexually dimorphic methylation patterns. 12 Prenatal BPA exposure also leads to increased expression of Dnmt1 in the male mice hippocampus. 13 There is growing evidence that exposure to EDCs such as BPA early in life can interact with stressors experienced later in life. This idea has been conceptualised as the "two hit" hypothesis, which poses that a combination of external hits can produce a phenotype that is greater than the sum of their individual effects. 14, 15 As a first step towards testing this hypothesis, we examined the individual effects of developmental BPA exposure (or ethinyl oestradiol: EE, positive oestrogen control for BPA studies) or social defeat experienced at adulthood on DNMT gene expression.
We chose to study the California mouse (Peromyscus californicus), a monogamous, biparental rodent species in which both males and females are vulnerable to social defeat. 10, 16 This approach allowed us to study the effect of defeat in both males and females, an important aspect to consider because sex differences in the effects of psychosocial stress on DNMT function have been observed. 17 California mice are also sensitive to perinatal BPA exposure. [18] [19] [20] [21] We examined the effects of these stressors in the amygdala, which is sensitive to environmental stressors, 10, 22, 23 and regulates behavioural responses to stress. 24 In female rats, perinatal BPA exposure reduced Dnmt1 expression in the basolateral amygdala (BLA) and increased anxiety-like behaviour. 25 Sex differences in Dnmt3a expression have been found in the developing amygdala 26 but, to our knowledge, adults have not been studied. In the present study, we examined Dnmt1 and Dnmt3a expression in the medial amygdala (MeA), central nucleus of the amygdala (CeA) and BLA. Two experiments were performed to examine the effects of social defeat stress on Dnmt expression in adult males and females, while a third experiment focused on developmental BPA ex- 
| MATERIALS AND METHODS

| Animals
For Experiments 1 and 2, California mice were obtained from a pathogen-free breeding colony at the University of California (UC), Davis. They were group housed (two or three same-sex animals per cage) and maintained in a temperature-controlled room under a 
| Experiment 1: Effects of social defeat on gene expression in the CeA and MeA
Male and female California mice were randomly assigned to either social defeat stress or to remain naïve to defeat. Each mouse assigned to social defeat was placed in the cage of an aggressive same-sex mouse resident mouse. 28 Each episode lasted 7 minutes or until the resident attacked the focal mouse seven times (whichever occurred first), and this was repeated on three consecutive days with three different residents. Naïve mice were introduced into a clean cage for 7 minutes, again for three consecutive days. Immediately after defeat/control conditions, mice were returned to their home cage. To focus on longterm behavioural changes, behaviour was assessed via a social interaction test 2 weeks after the last episode of defeat. Behavioural and neurobiological effects of defeat persist for at least 10 weeks. 10, 29 The social interaction test consisted of three phases, 3 minutes each. 30 In the open field phase, animals were introduced into a large open field (89×63×60 cm). Durations within a centre zone located 14 cm from the sides were recorded using the Any-Maze video tracking system (Stoelting, Wood Dale, IL, USA). During the acclimation phase, a small wire cage was introduced against one side of the arena, the amount of time the mouse spent within 8 cm of the empty cage was recorded.
During the social interaction phase, an unfamiliar, same-sex virgin stimulus mouse was placed into the wire cage. We recorded the amount of time the focal mouse spent interacting with the wire cage and the duration spent in the two corners opposite the wire cage. Behavioural data for these mice have been published. 30 We did not include separate groups for different stages of the oestrous cycle because previous studies observed that oestrous cycle 10 and gonadectomy 28 had no effect on behaviour after defeat.
Immediately after social interaction testing, each mouse was lightly anaesthetised with isoflurane and rapidly decapitated.
Although it is possible that isoflurane exposure could affect gene expression, exposure was minimised (90 seconds or less). Furthermore, a recent study reported that 5 minutes of isoflurane exposure did not affect expression of four different genes in hippocampus. 31 Although it is possible that the specific genes we quantified were affected by isoflurane, all experimental groups were euthanised in a consistent manner. Each brain was rapidly removed and placed into a brain matrix chilled on ice to collect 2-mm slices. 32 
| Experiment 3: Effects of BPA exposure on gene expression in the CeA and BLA
Two weeks prior to breeding, virgin females (8-12 weeks of age)
were randomly assigned to receive one of three diets: (i) a low phyto-
supplemented with 7% by weight corn oil to minimise potential phytooestrogenic contamination that would otherwise be present with inclusion of soybean oil in the diet; (ii) a diet supplemented with 50 mg BPA kg -1 feed weight that we have documented to lead to internal serum concentrations close to those measured in pregnant women unknowingly exposed to this chemical; 33 and (iii) a control diet supplemented with 0.1 ppb feed weight that served as an oestrogen positive control, as requested by the Food and Drug Administration for any BPA study considered to guide policy decisions. Females were maintained on these diets throughout gestation and lactation, as described previously. 21, 33, 34 Diets were assigned at the time that males were paired with females and maintained until the offspring were weaned. Thus, this exposure regimen to BPA or EE is unlikely to affect the caudal epididymal spermatozoa, which developed and matured prior to being placed on the diets. However, it is possible that direct exposure to
EDCs might have affected paternal care, as discussed below. At weaning (30 days of age), F1 male and female offspring were placed on the AIN control diet, and they were maintained on this diet throughout the remainder of the study. At adulthood, which ranged from 60 to 194 days of age, mice were killed by cervical dislocation. Each brain was rapidly removed and then frozen on dry ice and stored −80°C.
Frozen brains were shipped to UC Davis where they were sliced on a cryostat at a thickness of 500 μm at −10°C and immediately immersed into RNAlater for approximately 24 hours at 4°C. 35 A 0.36-mm diameter punch tool was used to collect bilateral samples of BLA and
CeA. Samples were then kept frozen at −80°C until RNA extraction. 
| Statistical analysis
Gene expression data were analysed by two-way ANOVA for Experiments 1 and 2 followed by planned comparisons testing 36 for the effects of sex or stress using spss (SPSS Inc., Chicago, IL, USA).
Planned comparisons were limited to comparing control males and females (baseline sex difference) and the effects of stress within each sex (three comparisons total per variable). In Experiment 3,
we tested for effects of diet on gene expression data (within sex) 
| RESULTS
| Experiment 1
When 1-mm punches were used to collect CeA samples, main effects of sex were detected for Dnmt1 (F 1,25 =4.8, P<.05) (Figure 2A) and Dnmt3a (F 1,25 =6.5, P<.05) ( Figure 2B ). Although there was no significant sex by stress interaction for either transcript, planned comparisons revealed that control females had higher Dnmt1a
(P<.05) and Dnmt3a (P<.05) expression than control males, whereas these sex differences were not significant in stressed mice. There were no differences in Bdnf expression. In MeA samples, there were no differences in Dnmt1, Dnmt3a or Esr1 expression (all P>.2) (Figure 3 ). However, there was a significant main effect of sex for Esr2 in the MeA (F 1,25 =11.5, P <.01) ( Figure 3D ).
Again, although the interaction between sex and (A, B, C) stress was not significant, planned comparisons showed that control males had higher Esr2 expression than control females (P<.001), whereas this difference was not significant in stressed mice. In 
| Experiment 2
When a smaller punch was used to collect the CeA, a main effect of sex on Dnmt1 was detected in the CeA region (F 1,31 =4.21, P<.05) ( Figure 4A ). to control males, whereas no sex difference was detected in stressed mice. In addition, stress reduced Dnmt1 expression in females (P<.05) ( Figure 4A ) but not males. There were no differences in Bdnf expression in the CeA (all P>.07) ( Figure 4B ).
Analyses of punch samples from the BLA showed no differences in Dnmt1a or Bdnf (all P>.14).
| Experiment 3
Developmental exposure to one of the two EDCs led to sex and anatomically specific effects on gene expression. For mice raised by dams on the control diet, females had significantly higher Dnmt1 expression than males in the CeA (MannWhitney, U=80, P<.05) ( Figure 5A ) but not BLA ( Figure 5D ). In mice raised by dams on the EE diet, females had higher Dnmt1 (MannWhitney U=39, P<.01) ( Figure 5D ) and Bdnf (Mann-Whitney, U=37, P<.05) ( Figure 5F ) expression in the BLA. For these same mice, no sex differences were observed in the CeA (all P>.1). Intriguingly, no sex differences were observed in either the CeA or BLA for mice raised by dams on the BPA diet. Thus, developmental exposure to BPA reduced the sex differences otherwise observed in the CeA region for Dnmt1.
F I G U R E 2
Effects of sex and social defeat on gene expression in 1 mm diameter punch samples of the central amygdala. Control females (n=7) had higher Dnmt1 (A) and Dnmt3a (B) expression than control males (n=7). No sex differences were observed between stressed males (n=7) and stressed females (n=8). There were no differences in Bdnf expression (C). *P<.05 vs control male. Dnmt1, DNA methyltransferase 1; Dnmt3a, DNA methyltransferase 3a; Bdnf, brain-derived neurotrophic growth factor 
| DISCUSSION
Across the three experiments, we observed that Dnmt1 expression in the CeA was higher in adult females compared to adult males.
Furthermore, this sex difference was reduced in mice assigned to social defeat stress after sexual maturity or BPA exposure during development. This difference was anatomically specific because no baseline sex differences or changes in Dnmt1 expression were observed in MeA or the adjacent BLA. The subregions of the amygdala have different anatomical connections and cell types, 37 which may contribute to the anatomically specific patterns F I G U R E 5 Effects of sex, bisphenol A (BPA) and ethinyl oestradiol (EE) on gene expression in the central amygdala (CeA) and basolateral amygdala (BLA). Control females (n=11) had higher Dnmt1 expression in CeA than control males (n=11) (A), although this differences was absent in BPA (females, n=10, males, n=9) and EE treated mice. EE diet increased Dnmt1 expression in males. In the BLA, females treated with EE (n=9) had higher Dnmt1 expression than EE treated males (n=7) (D). No differences in Dnmt3a were observed in CeA (B) or BLA (E). The EE diet reduced male Bdnf expression in the BLA (F) but not CeA (C). *P<.05 effect of sex within diet, † P<.05 effect of diet within sex. Dnmt1, DNA methyltransferase 1; Bdnf, brain-derived neurotrophic growth factor in Dnmt expression. This may explain why a previous study, which examined samples of the entire amygdala, reported no sex difference in Dnmt1 expression. 26 An intriguing finding of the present study was that differences in Dnmt1 expression were long lasting, detected weeks after the termination of BPA exposure or social defeat.
A consistent finding was that females had higher Dnmt1 expression in the CeA than males. This sex difference in Dnmt1 expression was observed in California mice raised in colonies at different universities, with varying early life experiences, and contrasting experimental procedures. This is despite the inevitable differences in husbandry practices that are present between different animal facilities. The difference in expression is a robust sex difference and does not appear to be dependent on factors such as husbandry. 38 If these differences in mRNA expression influence DNMT activity, it would suggest that there could be important sex differences in DNA methylation pat- 
| CONCLUSIONS
A consistent finding across all three experiments is that females had a higher expression of Dnmt1 in the CeA than males. This difference was robust across different experiments and procedures. Although DNA methylation is considered to be an important mechanism for inducing behavioural and neurobiological plasticity, it is usually assumed that, in the adult brain, Dnmt3a plays a larger role in this process than
Dnmt1.
The results of the present study suggest that further investigation of Dnmt1 function in the amygdala of adults may be warranted.
Interestingly, both BPA and defeat stress weakened sex differences in Dnmt1 expression in the CeA, which supports the idea that, in some respects, BPA acts as a chemical stressor. Even though these stressors occurred during different developmental time points, they both manifested with a similar molecular change in adults. Currently, it is unclear whether developmental BPA exposure would alter the impact of social defeat on brain function and behaviour. An environmental stressor experienced during development might render an individual more susceptible to a second extrinsic stressor experienced later in life, as predicted by the two-hit hypothesis. 15, [54] [55] [56] Our results indicate that future research investigating epigenetic changes in the amygdala following stress will need to consider the possibility of sex differences in DNMT expression leading to sex-specific transcriptional responses to extrinsic stressors.
